ABSTRACT The life history of the agricultural pest Phyllotreta cruciferae (Goeze), including location of overwintering sites, time of spring emergence, reproductive phenology, and seasonal changes in feeding and responsiveness to yellow sticky traps, was studied in the northeastern United States from 2001 to 2003 to provide growers with information to improve their management of ßea beetle populations in Brassica crops. Samples of leaf litter, organic debris, and soil were collected from a variety of vegetation types to determine the location of ßea beetle overwintering sites surrounding agricultural Þelds. SigniÞcantly more P. cruciferae were found in the leaf litter beneath shrubs and brush or in wooded areas than in grass, within-Þeld debris, or in soil samples taken within each vegetation type. Weekly dissections of Þeld-collected female beetles suggested the occurrence of a partial second generation by P. cruciferae in 2003. In laboratory assays of beetles collected weekly from Brassica Þelds in Massachusetts, both adult beetle feeding on Brassica foliage and beetle responsiveness to yellow sticky traps shows two peaks (June and August) that corresponded to the Þrst and second generations. Beetle catch on yellow sticky traps was highly correlated (2002: R 2 ϭ 0.8; 2003: R 2 ϭ 0.6) with the mean number of feeding holes on injured plants.
THE INTRODUCED FLEA BEETLE, Phyllotreta cruciferae (Goeze) (Coleoptera: Chrysomelidae), has become a signiÞcant agricultural pest on Brassica crops in the United States and Canada (Feeny et al. 1970 , Lamb 1984 , Palaniswamy and Lamb 1992 . Agricultural practices for the production of Brassica crops in the northeastern United States, in which the crops are seeded at regular intervals throughout the growing season, provide a constant source of food for many insects that are Brassica specialists, including P. cruciferae. While large numbers of ßea beetles can be seen in Þelds of brassicas in Massachusetts from May until October, the feeding injury in Brassica plantings varies over this time period, with peak crop damage occurring in June and again in August. To better manage ßea beetle populations, a more precise understanding is needed of the seasonal pattern of ßea beetle generations, reproductive status, and feeding propensity in Massachusetts.
In the early spring, adult ßea beetles emerge from overwintering sites and invade newly planted Þelds of brassicas, resulting in stunted plant growth, reduced market value of produce, or even plant death and crop loss (Newton 1928 , Milliron 1958 , Kinoshita et al. 1979 , Turnock and Turnbull 1994 . Data collected in the prairie regions of Canada suggest that ßea beetles tend to overwinter near Þeld edges beneath hedgerows and trees and not within the Þeld itself (Burgess 1977 , Wylie 1979 , Lamb 1983 . However, crop systems, climate, and available vegetation types differ greatly between the Canadian prairie and the northeastern United States. An understanding of overwintering vegetation types in Massachusetts will enable growers to make better use of Þeld rotation, row covers, and other management tools.
After emerging from overwintering sites, adult ßea beetles live for ϳ3 mo, during which time they feed and reproduce (Burgess 1977) . The number of generations per year reported for species of Phyllotreta varies by location. Generally, ßea beetles are univoltine in northern temperate areas such as New York and Canada (Bonnemaison 1965 , Feeny et al. 1970 , Tahvanainen 1971 , Wylie 1979 . However, partial second generations have been observed in Manitoba and Ontario under favorable weather conditions (Westdal and Romanow 1972, Kinoshita et al. 1979) . In warmer climates, anywhere from two to eight complete generations per year may occur (Milliron 1958 , Varma 1961 .
It is likely that Phyllotreta species use visual and chemical cues to locate and accept host plants. Allyl isothiocyanate, a volatile breakdown product of glucosinolates found in Brassica leaves, is highly attractive to ßea beetles (Feeny et al. 1970 , Burgess and Wiens 1980 , Lamb 1983 ). In addition, color seems to inßuence ßea beetle behavior, with yellow and white being preferred to other colors such as red or blue (Vincent and Stewart 1985 , Adams and Los 1986 , Láska et al. 1986 ). Prokopy and Owens (1983) hypothesized that yellow represents a "super-normal" foliage stimulus, causing a positive response to yellow by a wide variety of herbivorous insects.
Various methods have been developed to monitor ßea beetle populations in brassicas (Burgess and Wiens 1980 , Lamb 1983 , Adams and Los 1986 , Lamb and Palaniswamy 1990 , Cho et al. 1994 . However, Lamb (1983) found that neither sticky traps nor suction traps (baited or unbaited) provided a reliable system for monitoring ßea beetle densities in a Þeld setting. In addition, unpublished data and anecdotal evidence in Brassica crops in Massachusetts suggest that measures of ßea beetle numbers may not correlate well with the level of crop injury because of variation in feeding by the adult beetles at different times in the season.
A better understanding of the life history of P. cruciferae in the northeastern United States, including location of overwintering sites, time of spring emergence, reproductive phenology, and seasonal changes in feeding and responsiveness to yellow sticky traps, should provide growers with information to improve their management of ßea beetle populations in Brassica crops. Accordingly, our objectives were to (1) compare numbers of ßea beetles overwintering in different vegetation types, (2) study the reproductive phenology of P. cruciferae in Massachusetts within an agricultural system, (3) evaluate the propensity of ßea beetles to feed throughout the season, and (4) evaluate the reliability of yellow sticky traps as a way to estimate population densities and potential for crop injury throughout the season.
Materials and Methods
Overwintering. In western Massachusetts, four types of vegetation are generally available as potential overwintering sites for ßea beetles near Brassica production areas: (1) mowed grassy areas, (2) a shrub and brush border containing a variety of plant types and species such as wild blackberries (Rhubus sp.), goldenrod (Solidago sp.), tall grasses, shrubs, and saplings, (3) wooded areas, and (4) Þelds in late-season Brassica production, which may either be plowed under in the fall or left untilled. Samples were collected from three sites containing at least three of the four vegetation types in Massachusetts over a 3-yr period. To determine the location of each sample, a tape measure was laid along the Þeld edge, and random points along the line were chosen as locations for transects running perpendicular to the Þeld edge. Along each transect, one sample was taken from each vegetation type. To collect each sample, a metal cylinder with a sawtoothed edge was placed over the sample site and rotated while pushing downward until the teeth penetrated into the soil. All organic matter inside the cylinder (0.16-m 2 area) was placed in a labeled bag. After the material had been removed, a handheld vacuum (Dustbuster 4.8 V; Black and Decker, Towson, MD) was used to vacuum the soil surface inside the cylinder to collect loose material. Soil itself was not collected in 2001 and 2002 because prior research suggested ßea beetles do not overwinter in soil (Wylie 1979 , Burgess 1981 ; however, in 2003, soil was collected to determine if this is also true under Massachusetts conditions.
In December 2001, samples were collected at a commercial vegetable farm in Sunderland, MA (42Њ27Ј N, 72Њ33Ј W) in a Þeld planted to kale and collards (Brassica oleracea L.) that supported a high ßea beetle population into the fall of 2001. On two sides of the Þeld, there were three kinds of vegetation: (1) a mowed grassy strip (3 m wide) directly adjacent to the Þeld, (2) a band of shrubs (1Ð2 m wide) just beyond the grass, and (3) a strip of woods 10 m or greater in depth. Twenty transects were established on one side of the Þeld and 10 transects on the other, for a total of 30 samples in each vegetation type.
Samples were returned to the laboratory and stored at 2Ð3ЊC for 3 mo to terminate diapause. On 8 March 2002, samples were placed in 19-liter cylindrical cardboard containers (HP Hood, Chelsea, MA) that served as emergence cages. Cups with internal inverted cones and clear tops were inserted into cage lids to collect ßea beetles as they emerged from samples, which were held at 20 Ð22ЊC and out of direct sunlight. Emerged beetles were removed and counted daily. After emergence ceased in 1Ð2 wk, material in the cages was examined for dead beetles.
Sampling in the second year (winter of 2002Ð2003) was done at two new sites. One was a commercial farm in Lancaster, MA (42Њ27Ј N, 71Њ38Ј W). Samples were collected in November 2002 along a 30-m section of a Þeld that had been planted to various Brassica crops. The Þeld had not been tilled and contained a mixture of herbaceous weeds and brassicas at the time of sampling. Ten samples were collected from each of three areas: (1) within the Þeld, 10 m from the edge, (2) in a grass border (2Ð 4 m wide) adjacent to the Þeld, and (3) in a strip of shrubs (2Ð 4 m wide) beyond the grass border. Sampling methods and sample storage were the same as described for 2001. Samples were placed in emergence cages on 21 March 2003, and emerged beetles were counted as described previously.
Site 2 was a Þeld at a commercial farm in Whately, MA (42Њ26Ј N, 72Њ39Ј W), in which brassicas had been grown in late summer 2002. Before sampling could be done, early fall snow covered the site, which remained snow-covered until late March. In spring, as soon as the site was accessible and before beetle emergence, 10 samples were collected on 27 March from each of the following vegetation types along the eastern side of the Þeld: (1) a mowed grass border 1Ð2 m wide, (2) a shrub border 1Ð2 m wide, and (3) a wooded area (beyond the shrub border), which extended back for Ͼ20 m. On 10 April 2003, 10 samples were collected on (1) the Brassica Þeld itself (10 m from the edge), (2) the adjacent strip of shrubs (1Ð2 m wide), and (3) the woods beyond the shrubs. In addition, the top 2 cm of soil was also collected from each sample site and bagged separately. Samples were held during the winter in bins in an unheated barn. Because of a limited number of emergence cages and space, samples were processed in two batches. One-half of the samples were placed in emergence cages on 5 March 2004 and one-half on 31 March 2004. In both cases, samples were frozen when placed into the emergence cages. Collection of emerging beetles was done as in previous years.
Statistical analysis of the overwintering data were done using SAS version 8.2 for Windows (SAS Institute 2001). Before analysis, ßea beetle counts were log-transformed to equalize variances. For each year and sample site, analysis of variance (ANOVA; PROC GLM) was used to evaluate differences in the number of beetles between vegetation types. Differences among the means were analyzed with the Ryan-EinotGabriel-Welsh multiple range test (Day and Quinn 1989) .
Reproductive Phenology of P. cruciferae. To monitor the reproductive status of ßea beetles over the course of the season, beetles were sampled weekly or biweekly from 16 April to 17 September 2003. Adult ßea beetles were collected with a hand-held vacuum in plots of Brassica oleracea and B. rapa at the University of Massachusetts Agronomy Farm in South DeerÞeld, MA (42Њ27Ј N, 72Њ40Ј W), and from a vegetable farm in Sunderland, MA. Live ßea beetles were brought immediately to the laboratory for use in experiments.
For each sample date, Ϸ100 adult P. cruciferae (or, if Ͻ100 were available, as many as could be collected on a given sample date) were dissected under 70% ethanol using a compound microscope (ϫ12Ð25). Egg development in P. cruciferae occurs in batches, with all eggs in the ovarioles at a similar developmental state (Newton 1928) . During our dissections, the reproductive tract of each female beetle was examined, and beetles were categorized as having mature eggs or not, based on the size and color of the eggs and the appearance of the ovaries.
The Þrst date when Þeld-collected female beetles had mature eggs was used to estimate the earliest date for the beginning of beetle oviposition in the Þeld, and, together with soil temperature data, was used to predict the date of emergence of the next generation of adult beetles. Soil temperatures were collected at 2-and 4-cm depths at the University of Massachusetts Agronomy Farm from beneath herbaceous weeds in an open Þeld (Datalogger System PC208; Campbell ScientiÞc, Logan, UT). Temperature data from the two depths were averaged before use. Developmental rate data of Kinoshita et al. (1979) were used to estimate life stage development and ßea beetle emergence.
Field Monitoring of Flea Beetle Populations Using Sticky Traps. To measure densities of beetles, in 2001, we used yellow sticky traps (7.5 by 12 cm; Great Lakes Integrated Pest Management, Vestaburg, MI) to capture beetles in Brassica crops and surrounding vegetation throughout the season. The brassicas sampled were kale and collards (B. oleracea) and mixed leafy greens (Eruca vesicaria L., B. rapa L., and B. juncea L.). Traps were positioned at heights equivalent to that of the surrounding foliage and were replaced weekly in Brassica Þelds and in the vegetation bordering cultivated Þelds at Þve commercial farms in the Connecticut River Valley of western Massachusetts from 15 May to 18 October. Because of crop harvests, succession planting, and rotations, the number of Þelds and number of traps per Þeld varied throughout the season; on any given date, at least Þve traps were placed in both the crop and the border in each Þeld.
Beetle Feeding Propensity and Responsiveness to Yellow Sticky Traps. To measure the correlation between feeding of adults on foliage and beetle responsiveness to yellow sticky traps, laboratory experiments were run in 2002 and 2003. In 2002, plastic cages (28 cm per side) ventilated with organdy panels were used as the experimental arenas. Each week, groups of 10 unsexed adult P. cruciferae, collected from our Þeld study sites immediately before setting up the experiment, were placed in cages with either a young collard plant (three to four true leaves) or with a 12 by 7.5-cm yellow sticky trap (Great Lakes Integrated Pest Management), with one sticky side exposed, on a stake inserted into a small pot of soil. Three replicates of each of the two treatments were set up each week. A vial containing wet dental wicking was added to each cage to provide water for the beetles. The cages were placed on a laboratory bench out of direct sun at 25Ð35ЊC. After 24 h, the number of feeding holes per plant and the number of beetles caught on each trap were counted. This process was repeated weekly from 6 June 2002 to 4 October 2002, with the exception of 25 July, when ßea beetles in the Þeld were too scarce to collect.
The same methods were used in 2003, except as follows. The experimental arenas were clear plastic storage cylinders (3.8 liter; Rubbermaid, Wooster, OH) closed with organdy secured with a plastic band. Cages contained one young collard plant (three to four true leaves) or a 6-by 7.5-cm yellow sticky trap, with both sticky sides exposed. Ten cages were set up per treatment, and Þve adult P. cruciferae were placed in each cage. Cages were held in a growth chamber at 
Results
Overwintering. In 2001 and 2002, vegetation type had a signiÞcant effect on the number of ßea beetles that emerged per sample at all study sites: Sunderland (F ϭ 37.01; df ϭ 2,58; P Ͻ 0.0001), Whately (F ϭ 12.38; df ϭ 3,27; P Ͻ 0.0001), and Lancaster (F ϭ 12.48; df ϭ 2,18; P ϭ 0.0004). At all three locations, the greatest number of beetles emerged from samples collected under shrubs (Table 1) . Few ßea beetles emerged from samples taken from the grass or within the Brassica Þeld itself. For the Sunderland data set, emerging beetles were not separated by species. In Whately, P. cruciferae comprised 89% of the total number of ßea beetles that emerged from samples, whereas 6% of the ßea beetles were P. striolata, and 5% were other ßea beetle species such as Psylliodes punctulata Melsh., Phyllotreta bipustulata F., and Epitrix species. In Lancaster, 82% of the total beetles were P. cruciferae, whereas 14% were P. striolata and 4% were other ßea beetle species.
In the samples collected from Lancaster, MA, in 2003, ßea beetles were found primarily in the litter above the soil, rather than in the soil itself (F ϭ 41.76; df ϭ 1,19; P Ͻ 0.0001; Fig. 1 ). Within both leaf litter and soil samples, vegetation type signiÞcantly affected the number of beetles in the sample (litter: F ϭ 23.0; df ϭ 2,37; P Ͻ 0.0001; soil: F ϭ 7.66; df ϭ 2,37; P ϭ 0.002), with signiÞcantly more beetles in samples collected in wooded areas than in areas with either grass or shrubs (Fig. 1) . In contrast to the other sites and years, of the emerging beetles, 64% were P. striolata and only 30% were P. cruciferae.
Reproductive Phenology. In 2003, female ßea beetles collected on 28 April had only immature eggs. Female ßea beetles with mature eggs were Þrst detected on 15 May. Beetles with mature eggs continued to be present until 28 August, with the exception of 23 July, when no female beetles had mature eggs (Fig. 2) . For P. cruciferae, 433 DD above a base of 11.2ЊC are required for development from egg to adult (Kinoshita et al. 1979) . Using 15 May as the date on which the Þrst eggs of the F 1 generation were laid, and soil temperature at the study site, the predicted Þrst emergence of the F 1 adults was 13 July. New adults require 61 DD above a base temperature of 16.7ЊC before oviposition (Kinoshita et al. 1979) ; adults emerging on 13 July were predicted to begin oviposition on 24 July 2003.
Field Monitoring of Flea Beetle Populations Using Traps. In 2001, over the course of the season, beetles were captured within the agricultural Þeld but not in the vegetation surrounding the Þelds (Fig. 3) . Few beetles were captured in the crops in September and October, even though many beetles were seen in the Þelds at that time (C.L.A. and R.H., unpublished data). In addition, beetles were not captured in September and October on traps placed in the vegetation surrounding the Þeld, even though they migrated into the Þeld margin areas to overwinter.
Beetle Feeding Propensity and Response to Yellow Sticky Traps. In 2002, the proportion of beetles captured on yellow sticky traps changed over time, with the highest proportion of beetles captured on 15 August (Fig. 4A) . The number of holes per plant made by 10 beetles also changed over time, with the greatest amount of feeding injury in late June and early July and again in mid-August (Fig. 4A) . In 2003, the number of feeding holes created by Þve ßea beetles in 24 h increased steadily throughout May and June (Fig. 4B) . After a decrease in feeding in the middle of July, the number of holes increased on 18 July 2003, followed by a peak on 7 August. The number of holes again decreased in August and early September, but less consistently than in 2002. The proportion of beetles captured on yellow sticky traps exhibited a similar pattern (Fig. 4B) . The mean number of holes per plant on a given sample date and the mean proportion of beetles captured by the yellow sticky traps were strongly correlated in both 2002 and 2003 (Fig. 5) .
Discussion
These results support previous research on the life history of Phyllotreta beetles. In Canada, Wylie (1979) and Burgess (1981) found the greatest density of overwintering ßea beetles in the leaf litter, with neither P. cruciferae nor P. striolata being found in large numbers in the stubble of canola Þelds, grassy areas, or in the soil. Although Massachusetts has a milder climate and different vegetation types than the Canadian prairie, similar patterns in the choice of overwintering sites were found. In none of the 3 study yr did signiÞcant numbers of beetles overwinter in grassy areas or within cultivated Þelds, suggesting that beetles emigrate from agricultural Þelds in which they feed during the growing season to overwintering sites.
In 2001 and 2002, most beetles overwintered in the litter beneath shrubs, but in 2003, signiÞcantly more beetles were found in samples collected from the woods than from any other vegetation type. P. cruciferae was the dominant species in the overwintering samples in 2001 and 2002, whereas in 2003 , a majority of the beetles were P. striolata. Consistent with Þeld observations, both Newton (1928) and Burgess (1981) noted that overwintering P. cruciferae were found in debris beneath hedgerows, whereas P. striolata overwintered in wooded areas. Within the soil samples we collected, most ßea beetles emerged from samples collected in the woods, where a clear boundary between the leaf litter, loose and partially decomposed organic matter, and the mineral soil layer did not exist.
Based on the dates when ßea beetles with mature eggs were detected, soil temperatures, and developmental rate data, we believe that two generations occurred at our study site in 2002 and 2003. Adult ßea beetles (P 1 ) emerged from overwintering sites in midApril 2003. Given that adult P. cruciferae live for ϳ3 mo after emergence (Burgess 1977) , most P 1 adults in Massachusetts would have died by mid-July. While numerical data were not collected, on 25 July 2002, the number of beetles collected by our normal vacuum sampling practices was insufÞcient to set up laboratory experiments. Similarly, on 24 July 2003, only eight replicates of the feeding experiment and seven repli- cates of the trap response experiment were set up (rather than 10), because of low numbers of beetles in the Þeld.
Increases in beetle populations in early August corresponded to the predicted emergence time for F 1 adults. If P. cruciferae is univoltine in Massachusetts, F 1 adults should neither mate nor lay eggs before migrating to overwintering sites. However, our dissection data (Fig. 2) showed that beetles with mature eggs do occur from late July through early September. These are unlikely to be P 1 beetles, because this would require a survival time of 4 Ð 4.5 mo. Rather, we believe these are members of a second or partial second generation of P. cruciferae in Massachusetts. Eggs laid by the F 1 generation in late July and early August 2003 would be able to complete development to the adult stage by October (Fig. 4B) .
Changes in feeding behavior and response to yellow sticky traps in laboratory tests (Fig. 4) correlated well to the decline in the trap catch of beetles at Þeld sites in August and September (Fig. 3) , although visual observation showed beetles to still be abundant at trapping sites and samples of leaf litter collected from border vegetation as part of the overwintering experiment found beetles present. Laboratory assays of Þeld-collected beetles in both 2002 and 2003 found that peak feeding occurred around 8 August, which corresponded with the predicted emergence of the F 1 generation. Tahvanainen (1971) noted that newly emerged adults feed vigorously for several days after emergence before moving toward overwintering sites. In our laboratory assays using known populations of caged beetles, when beetle feeding increased, the proportion of beetles captured by yellow sticky traps also increased (Fig. 4) . The physiological state of insects has been observed previously to change trap catch, e.g., the apple maggot ßy, Rhagoletis pomonella Walsh (Rull and Prokopy 2000) and the pine tip moth, Rhyacionia frustrana Comstock (Asaro and Berisford 2001) . While counts of ßea beetles on yellow sticky traps may not correlate well with the absolute population of beetles in the Þeld (Andersen et al. 2005) , such trap catches seem to correspond to relative densities of beetles likely to engage in feeding and therefore may be good predictors of potential feeding injury to the crop. This Þnding could provide the basis for further work on sampling methods and economic thresholds for Brassica leafy greens and other Brassica crops, which would be particularly useful because direct sampling of beetles on crop plants is difÞcult and time consuming.
Our Þndings reinforce the importance of crop rotation as a management tool. Growers can expect that spring Brassica crops planted in the same Þelds where brassicas were grown the previous fall will be colonized by beetles that emerge from overwintering sites in the shrubby or wooded borders of those Þelds. However, for small farms where rotation is not possible, Þnding that ßea beetles do not overwinter within vegetable Þelds or in the soil is of signiÞcance. Floating row covers are often used to exclude beetles and prevent injury to the crop; beetles that overwinter in the Þeld could emerge in the spring from the soil beneath the row covers and feed on newly planted brassicas. Our data indicate that few beetles overwinter in residue or soil of cultivated Þelds, suggesting that use of ßoating row cover to prevent injury should not be compromised by beetle emergence in the Þeld.
Until recently, ßea beetle has been viewed as primarily an early season pest of Brassica crops. Understanding that there are two distinct periods of feeding activity for overwintered (P 1 ) and summer (F 1 ) adults, with the former peaking in June and the latter peaking in early August, can assist growers in decisions on the timing and location of succession plantings. By rotating July and August plantings to different Þelds from spring plantings, growers could avoid high levels of feeding injury from newly emerged summer adults. The reduced propensity of beetles to feed in September and October reduces the need for crop protection during that period, but should not be taken as an indication that there will be low numbers overwintering in the Þeld borders. Also, because summer adults produce offspring and it is likely that secondgeneration adults feed after emergence, growers should be aware that second-generation adults may cause some crop injury in the fall.
